Witczak CA, Jessen N, Warro DM, Toyoda T, Fujii N, Anderson ME, Hirshman MF, Goodyear LJ. CaMKII regulates contraction-but not insulin-induced glucose uptake in mouse skeletal muscle.
/calmodulin-dependent protein kinase II (CaMKII) is a key regulator of both insulin-and contraction-stimulated glucose uptake in skeletal muscle. However, due to nonspecificity of these inhibitors, the specific role that CaMKII may play in the regulation of glucose uptake is not known. We sought to determine whether specific inhibition of CaMKII impairs insulin-and/or contraction-induced glucose uptake in mouse skeletal muscle. Expression vectors containing green fluorescent protein conjugated to a CaMKII inhibitory (KKALHRQEAVDCL) or control (KKALHAQERVDCL) peptide were transfected into tibialis anterior muscles by in vivo electroporation. After 1 wk, muscles were assessed for peptide expression, CaMK activity, insulin-and contraction-induced 2-[ 3 H]deoxyglucose uptake, glycogen concentrations, and changes in intracellular signaling proteins. Expression of the CaMKII inhibitory peptide decreased muscle CaMK activity ϳ35% compared with control peptide. Insulin-induced glucose uptake was not changed in muscles expressing the inhibitory peptide. In contrast, expression of the inhibitory peptide significantly decreased contraction-induced muscle glucose uptake (ϳ30%). Contraction-induced decreases in muscle glycogen were not altered by the inhibitory peptide. The CaMKII inhibitory peptide did not alter expression of the glucose transporter GLUT4 and did not impair contraction-induced increases in the phosphorylation of AMP-activated protein kinase (Thr 172 ) or TBC1D1/TBC1D4 on phospho-Akt substrate sites. These results demonstrate that CaMKII does not regulate insulin-stimulated glucose uptake in skeletal muscle. However, CaMKII plays a critical role in the regulation of contraction-induced glucose uptake in mouse skeletal muscle.
Ca
2ϩ /calmodulin-dependent protein kinase II; Ca 2ϩ signaling; exercise; metabolism TYPE 2 DIABETES IS THE MOST COMMON FORM of diabetes, accounting for 90 -95% of all diagnosed cases in the United States (8) . In patients with type 2 diabetes, the intracellular signaling mechanisms that regulate insulin-induced increases in skeletal muscle glucose uptake are impaired (2) . Importantly, noninsulin-dependent mechanisms, including those regulated by exercise or muscle contraction, remain intact (25) . Thus, uncovering the signaling pathways governing exercise/contraction-mediated increases in muscle glucose uptake is an important step toward the development of new pharmaceutical treatments for individuals with type 2 diabetes.
Increases in intracellular Ca 2ϩ levels are a fundamental part of the molecular signals underlying muscle contraction. Not surprisingly, this has led many investigators to hypothesize that Ca 2ϩ signaling may regulate contraction-mediated metabolic events, including glucose transporter 4 (GLUT4) translocation and muscle glucose uptake (16, 17, 37) . Evidence in support of this hypothesis first emerged from studies using the sarcoplasmic reticulum Ca 2ϩ store-releasing agent caffeine. Low concentrations of caffeine (3.0 mM) stimulated muscle glucose uptake (15, 18, 35) independent of detectable force production or alterations in high-energy phosphates [i.e., ATP levels (43) (28, 33, 37) , CaMKI␣, -␤, and -␦ (23, 30, 36) , and CaMKII␤ M , -␦, and -␥ (32, 33) , and all of these isoforms require Ca 2ϩ /calmodulin for activation. Importantly, CaMKII is not phosphorylated by CaMKK, but instead it autophosphorylates upon Ca 2ϩ /calmodulin binding (19, 21) . Thus, CaMKII is not a substrate of CaMKK and exists in a distinct signaling pathway directly regulated by Ca 2ϩ / calmodulin.
Incubation of rodent muscles with KN-62 or KN-93 inhibited caffeine-and muscle contraction-induced increases in glucose uptake (24, 41) and CaMKII phosphorylation (41) , suggesting that Ca 2ϩ stimulates glucose uptake via CaMKII. Intriguingly, studies have also shown that insulin stimulates the phosphorylation of CaMKII (40) and that treatment of rodent muscles with KN-62 significantly impairs both insulin-induced increases in CaMKII phosphorylation (40) and glucose uptake (5, 40) . Collectively, these data suggest either that CaMKII is a convergence point linking both insulin and contraction stimuli to glucose uptake or that there is a nonspecific effect of KN-62/93 on muscle glucose uptake that is coincident with inhibition of CaMKII. Importantly, to date, no studies have specifically inhibited CaMKII signaling and examined insulinor contraction-induced muscle glucose uptake.
Recent work from our group and others has now raised the possibility that another CaMK, CaMKK␣, may be a downstream signal linking increases in intracellular Ca 2ϩ levels to stimulation of muscle glucose uptake (24, 37) . Targeted expression of a constitutively active form of CaMKK␣ in skeletal muscle increased glucose uptake via a mechanism that did not require changes in AMP-activated protein kinase (AMPK) activity (37) , consistent with early work demonstrating a Ca 2ϩ -sensitive glucose uptake pathway that is not dependent on highenergy phosphates (43) . In addition, inhibition of CaMKK signaling with the chemical CaMKK inhibitor STO-609 (7-Oxo-7H-benzimidazo[2,1-a]benz [de] isoquinoline-3-carboxylic acid-acetic acid) impaired contraction-but not insulin-induced muscle glucose uptake (24, 37) , linking CaMKK to only the contraction-induced glucose uptake pathway. Thus, it is possible that the inhibitory effect of the Ca 2ϩ /calmodulin competitive inhibitors KN-62/93 on contraction-induced glucose uptake may not be mediated via CaMKII but may instead be mediated via CaMKK.
The data linking CaMKII to both insulin-and contractioninduced muscle glucose uptake rely solely on studies that utilized the Ca /calmodulin-sensitive kinases (6, 7) , the role that CaMKII may play in the regulation of muscle glucose uptake is still unknown. Therefore, the goal of this study was to specifically inhibit CaMKII signaling to definitively determine whether the CaMKII isoform plays a role in the regulation of insulin-and/or contraction-induced skeletal muscle glucose uptake.
MATERIALS AND METHODS

Animals.
All experiments were performed with the approval of the Institutional Animal Care and Use Committee of the Joslin Diabetes Center and in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Mice were housed in cages at 21-22°C with a 12:12-h light-dark cycle. LabDiet rodent chow (Purina Mills) and water were available ad libitum. Female ICR mice (6 -8 wk) were obtained from Taconic Laboratories.
Skeletal muscle incubations and 2-[ 3 H]deoxyglucose uptake. Muscle incubation experiments were performed as described previously (37) . Briefly, mice were fasted overnight and euthanized by cervical dislocation. The extensor digitorum longus and soleus muscles were removed and placed in Krebs-Ringer bicarbonate (KRB) solution containing (in mM) 117 NaCl, 4.7 KCl, 2.5 CaCl 2·2H2O, 1.2 KH2PO4, 1.2 MgSO4·7H2O, and 24.6 NaHCO3 supplemented with 2 mM pyruvic acid and either DMSO (0.1%) or 10 M KN-62 (SigmaAldrich) for 50 min. For insulin experiments, muscles were incubated in KRB containing insulin (50 mU/ml; Eli Lilly) for 20 min. For contraction experiments, muscles were electrically stimulated to contract for 10 min (Grass S88 stimulator settings: train rate ϭ 1/min; train duration ϭ 10 s; pulse rate ϭ 100 pulses/s; duration ϭ 0.1 ms; volts ϭ 100 V). Force production was monitored using an isometric force transducer (Kent Scientific), and the converted digital signal was captured by a data acquisition system (iWorx114; CB Sciences) and analyzed with software (Labscribe; CB Sciences).
For glucose uptake, muscles were incubated in KRB buffer containing 1. For immunoblot analyses, muscles were pulverized and then homogenized in ice-cold buffer containing (in mM) 20 Tris·HCl, pH 7.5, 5 EDTA, 10 Na 4P2O7, 100 NaF, 2 NaVO4, 0.01 leupeptin, 3 benzamidine, 1 phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, and 1% Nonidet P-40. Samples were rotated end over end for 1 h at 4°C and then centrifuged at 13,000 g for 30 min. Protein content in muscle lysates was assessed via the Bradford method (4).
Transfection of plasmid DNA into skeletal muscle using in vivo electroporation. Expression vectors containing green fluorescent protein (GFP) conjugated to the CaMKII inhibitory (KKALHRQEAVDCL) or the CaMKII control peptide (KKALHAQERVDCL) (44) were transfected into mouse tibialis anterior muscles using in vivo electroporation, as described previously (37) . Mice were allowed 1 wk to express the peptides prior to additional experiments. For insulin stimulation, the control peptide was transfected into the muscle of one leg while the inhibitory peptide was transfected into the contralateral leg. For contraction experiments, both legs were transfected with the same peptide, and one of the legs was contracted. In our laboratory, this procedure has resulted in Ͼ85% of skeletal muscle fibers expressing exogenous protein (10) .
In vivo skeletal muscle 2-[ 3 H]deoxyglucose uptake. In vivo muscle glucose uptake was measured as described previously (27) . Briefly, mice were fasted overnight and anesthetized with pentobarbital sodium (100 mg/kg ip). After 30 min, blood was taken from the tail to assess basal glucose and background radioactivity. For in vivo insulin stimulation, a bolus of 20% glucose (1 g glucose/kg body wt) plus 2-
]/g body wt) was administered retroorbitally. This method has previously been shown by our group to increase blood insulin levels ϳ3.5-fold 5 min postinjection (27) . For in situ contraction, electrodes were attached to the peroneal nerve of one leg. Immediately before the contraction, a bolus of 0.9% NaCl plus 2-[ 3 H]deoxyglucose (0.33 Ci [ 3 H]/g body wt) was administered retroorbitally. The muscle was contracted for 15 min (Grass S88 stimulator settings: train rate ϭ 0.5 trains/s, train duration ϭ 200 ms; pulse rate ϭ 100 pulses/s, pulse duration ϭ 0.1 ms). Blood samples were taken 5, 10, 15, 25, 35, and 45 min after the 3 H injection for glucose and 3 H measurements. Mice were euthanized by cervical dislocation and muscles frozen in liquid N 2. Muscles were pulverized and homogenized in ice-cold lysis buffer containing (in mM) 20 Tris·HCl, pH 7.5, 5 EDTA, 10 Na4P2O7, 100 NaF, 2 NaVO4, 0.01 leupeptin, 3 benzamidine, 1 phenylmethylsulfonyl fluoride, and 10 g/ml aprotinin. Accumulation of muscle radioactivity was assessed in an aliquot of muscle homogenate using a perchloric acid precipitation procedure modified from Ferre et al. (9) , and the rate of glucose uptake was calculated as described previously (27) . A separate portion of the muscle homogenate was mixed with 1% Nonidet P-40 and rotated end over end at 4°C for 1 h. Samples were centrifuged at 13,000 g for 30 min, and the supernatant was removed. Total protein content in the lysates was determined using the Bradford method (4) and then used in maximal CaMK activity assays, CaMKII immunoblots, or fluorescent analyses for GFP peptide expression.
Immunoblot analysis. Immunoblots were performed using standard procedures (37) . Primary antibodies were obtained from sources as follows: phospho-AMPK (Thr 172 ) from Biosource International; phospho-Akt (Thr 308 ), phospho-Akt substrate (PAS), phosphoCaMKII (Thr 286/287 ), and TBC1D1 from Cell Signaling Technology; GLUT4 from Chemicon International; CaMKII from Santa Cruz Biotechnology; and TBC1D4 from Upstate Biotechnology. AMPK␣1/␣2 antibody was custom-generated by Covance (11) .
Fluorescence quantification of GFP peptides. The amount of GFP peptide in the mouse muscles was assessed as fluorescence (excitation 485 nm and emission 528 nm), using a Synergy Mx microplate reader (BioTek Instruments). The peptide concentration was corrected for muscle protein concentration, as described previously (44).
Kinase activity assays. Kinase activity assays using recombinant CaMKK␣, CaMKI␦, CaMKII␥, and protein kinase D (PKD)3 protein were performed using methods adapted from Ishida et al. (22) . Briefly, 50 ng of recombinant protein (SignalChem) was added to kinase reaction buffer consisting of (in mM) 10 HEPES, pH 7.4, 1 EGTA, pH 8.0, 0.1 sodium pyrophosphate, 2 CaCl2, 0.002 calmodulin, 5 MgCl2, 0.1 ATP, 0.02 substrate peptide, and 0.2 mCi/ml [ 32 P]ATP and incubated 30°C for 30 min. The substrate peptides were LKB1tide (Jena Bioscience) for CaMKK, Ziptide (Upstate) for CaMKI, and syntide-2 (Sigma-Aldrich) for CaMKII and PKD. CaMK activity assays using skeletal muscle lysates were performed using methods adapted from Zhang et al. (44) . Briefly, lysate (20 g) was added to kinase reaction buffer (described above) containing 0.02 mM syntide-2 and either 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, or 10 M of nontagged, control, or CaMKII inhibitory peptide (EZ Biolabs). Importantly, for muscles transfected with GFP peptides, no recombinant control or inhibitory peptide was added. Reactions were incubated at 30°C for 5 min. For all assays, reaction products were spotted on Whatman P81 filter paper and washed for 5 ϫ 20 min in 0.1% phosphoric acid and 10 min in acetone. Radioactivity was assessed by liquid scintillation counting of the 32 P label. CaMK activity was assessed by the incorporation of 32 P into the substrate peptide. Measurement of skeletal muscle glycogen levels. Muscle glycogen content was assessed by a hexokinase enzymatic reaction, as described previously (3, 34, 40) . Briefly, muscles were pulverized, weighed, and then hydrolyzed in 2.0 N HCl at 95°C for 2 h. Samples were neutralized with 2.0 N NaOH, vortexed, and then centrifuged at 13,000 g. Muscle glucose levels were assessed using hexokinase reagent (CIMA Scientific).
Statistical analysis. The data are presented as means Ϯ SE. Statistical significance was defined as P Ͻ 0.05 and determined by t-tests or by two-way analysis of variance and Student-Newman-Keuls post hoc analysis. The number of muscles utilized to determine significance is indicated in the figure legends.
RESULTS
Effects of KN-62 on glucose uptake, force production, and glycogen content in mouse muscle. Studies have implicated CaMKII signaling in the regulation of muscle glucose uptake via the use of the chemical inhibitors KN-62/93 (5, 24, 40, 41) . Since this work has involved several different model systems and different concentrations of the inhibitors, the first step of this study was to determine whether KN-62 impairs insulinand/or contraction-induced glucose uptake in mouse muscle using our procedures. Isolated extensor digitorum longus and soleus muscles were treated with 10 M KN-62 and then stimulated by insulin or contraction. As shown in Fig. 1 , A and B, treatment of mouse muscle with KN-62 significantly impaired both insulin-and contraction-induced glucose uptake. The decrease in contraction-induced glucose uptake was not due to impairment in force production, since neither muscle exhibited a significant decrease in contractile force (Fig. 1, C  and D) . Muscle glycogen content, which is inversely related to muscle glucose uptake (13), was also not affected by KN-62 treatment (Fig. 1, E and F) , suggesting that glucose uptake was not impaired via alterations in muscle glycogen metabolism.
Effects of KN-62 on intracellular signaling in mouse muscle. Insulin stimulates muscle glucose uptake via an intracellular signaling cascade that involves phosphorylation of the serine/ threonine kinase Akt (Thr 308 ) and phosphorylation of the Rab-GTPase TBC1D4 on phospho-Akt substrate (PAS) motif sites (20, 27) . In contrast, the signaling mechanisms underlying contraction-stimulated muscle glucose uptake are less clear, although studies have implicated both phosphorylation of the AMPK (Thr   172 ) (12, 14, 29) and TBC1D1/TBC1D4 (PAS) (1, 27) in this process. To assess whether KN-62 impaired insulininduced Akt and/or TBC1D1/TBC1D4 signaling or contraction-induced AMPK and/or TBC1D1/TBC1D4 signaling, immunoblots were performed. As shown in Fig. 2, A and B , neither the insulin-induced phosphorylation of Akt (Thr 308 ) nor the phosphorylation of TBC1D1/TBC1D4 (PAS) was affected by KN-62 treatment. In addition, neither the contraction-induced phosphorylation of AMPK (Thr 172 ) nor the phosphorylation of TBC1D1/TBC1D4 (PAS) was impaired by KN-62. Interestingly, the contraction-induced phosphorylation of AMPK (Thr 172 ) was significantly higher in muscles treated with KN-62. Thus, KN-62 does not impair insulin-or contractioninduced glucose uptake via a decrease in signaling through Akt, AMPK, or TBC1D1/TBC1D4 (PAS).
Specific inhibition of CaMKII using the CaMKII inhibitory peptide autocamtide-3-derived peptide inhibitor. KN-62 inhibits CaMKII but also inhibits other kinases (6, 7). Since KN-62 impaired both insulin-and contraction-induced glucose uptake in mouse muscle, the next step was to determine whether these effects could be attributed to specific inhibition of CaMKII. For this step, we utilized the CaMKII inhibitory peptide autocamtide-3-derived peptide inhibitor (AC3-I), a nonphosphorylatable 13-amino acid peptide that inhibits CaMKII activity by preventing CaMKII autophosphorylation (22) . AC3-I exhibits nearly identical homology with the inhibitory domain of all three major isoforms of CaMKII found in skeletal muscle, i.e., CaMKII␤ M , CaMKII␦, and CaMKII␥ (Supplemental Fig. S1 ; Supplemental Material for this article can be found at the AJP-Endocrinology and Metabolism web site) (33) and thus should inhibit all of these isoforms equally. For this reason, the inhibitory peptide was the preferred method for inhibiting CaMKII in this study.
Before the effects of the inhibitory peptide on glucose uptake were examined, it was first necessary to determine whether the peptide exhibited a nonspecific inhibitory effect on CaMKK, since recent studies have implicated CaMKK in the regulation of muscle glucose uptake (24, 37) . To assess this possibility, recombinant CaMKK or CaMKII protein was incubated with increasing concentrations of recombinant inhibitory peptide. As shown in Fig. 3A , maximal CaMKII inhibition was achieved with ϳ1 M inhibitory peptide, whereas no inhibition of CaMKK was observed until peptide concentrations reached Ն10 M. Similar results were obtained for two other members of the CaMK superfamily, CaMKI and PKD (Fig. 3A) . Thus, the inhibitory peptide is an effective means for selectively inhibiting CaMKII but not CaMKK, CaMKI, or PKD activity.
The CaMKII inhibitory peptide does not covalently bind to CaMKII but instead acts as a competitive, reversible inhibitor (22) . Thus, to assess the ability of the peptide to inhibit CaMKII activity, kinase activity assays would need to be performed in the absence of immunoprecipitation procedures, as has been described previously (44) . To test whether this approach would be effective at assessing CaMKII activity in mouse muscle, muscle lysate was incubated in the presence of Ca 2ϩ /calmodulin and increasing concentrations of recombinant control or inhibitory peptide. As shown in Fig. 3B , the control peptide did not affect total muscle CaMK activity at any of the concentrations tested. In contrast, addition of inhib-itory peptide resulted in a dose-dependent decrease in total muscle CaMK activity that reached a maximum effect at ϳ1 M, a concentration consistent with that observed for maximal inhibition of recombinant CaMKII protein (Fig. 3A) . Importantly, maximal inhibition of CaMKII activity resulted in only an ϳ60% inhibition of total muscle Ca 2ϩ /calmodulin-stimulated kinase activity. Thus, ϳ40% of the Ca 2ϩ /calmodulinstimulated kinase activity in muscle is emanating from other kinases that can phosphorylate the substrate peptide syntide-2. Collectively, these findings suggest that this approach can be used to assess inhibition of CaMKII activity by the inhibitory peptide in mouse skeletal muscle.
Effect of the CaMKII inhibitory peptide on muscle glucose uptake. To determine whether CaMKII regulates insulinand/or contraction-stimulated glucose uptake in skeletal muscle, mouse tibialis anterior muscles were transfected with expression vectors containing GFP-CaMKII inhibitory or GFPCaMKII control peptide using in vivo electroporation. After 1 wk, in vivo muscle 2-[ 3 H]deoxyglucose uptake was assessed in response to a physiological insulin response or electrical stim- Fig. 1 . Effects of the Ca 2ϩ /calmodulin-competitive inhibitor KN-62 on glucose uptake, glycogen content, and force production in mouse extensor digitorum longus and soleus muscles. A, C, and E: extensor digitorum longus muscles. B, D, and F: soleus muscles. A and B: pretreatment of muscles with KN-62 (10 M) for Ն50 min inhibited muscle glucose uptake in response to both insulin (50 mU/ml, 20 min) and contraction (CON; 10 min) in mouse extensor digitorum longus and soleus muscles; n ϭ 5-9 muscles/group. C and D: KN-62 did not significantly alter muscle force production in either the extensor digitorum longus or soleus muscles (n ϭ 6 -12 muscles/group). E and F: KN-62 did not affect basal or CON-induced decreases in muscle glycogen content; n ϭ 3-4 muscles/group. Statistical significance was defined as P Ͻ 0.05. *Vs. basal; #vs. DMSO. ulation of the peroneal nerve to elicit muscle contraction. Importantly, GFP peptide expression, total CaMK activity, and CaMKII protein expression were also assessed in the exact same muscles in which glucose uptake was assessed. As shown in Fig. 4, A and B , expression of the peptides was not different among the treatment groups, and this level of CaMKII inhibitory peptide expression resulted in an ϳ35% decrease in total CaMK activity compared with muscle expressing control peptide (Fig. 4, C and D) . This decrease in total CaMK activity was not due to decreases in CaMKII protein expression (Fig. 4 , E and F) because no difference was detected in the expression of CaMKII␤ M or CaMKII␥/␦. Insulin-induced glucose uptake was not decreased by expression of the inhibitory peptide (Fig.  4G) . In contrast, contraction-induced muscle glucose uptake was impaired significantly (ϳ30%) by the inhibitory peptide (Fig. 4H) . Collectively, these findings establish a role for the CaMKII isoform in the regulation of contraction-induced, but not insulin-induced, glucose uptake in skeletal muscle. 32 P]ATP kinase assays. Expression of the inhibitory peptide decreased total muscle CaMK activity by ϳ35% compared with the GFP control peptide muscles. E and F: CaMKII protein expression was not altered by expression of the GFP-CaMKII inhibitory peptide. G and H: INS-induced muscle glucose uptake was not affected by expression of the GFP-CaMKII inhibitory peptide, whereas CON-induced muscle glucose uptake was impaired ϳ30%. Statistical significance was defined as P Ͻ 0.05. *Vs. saline or sham; #vs. control peptide (n ϭ 6 -14 muscles/group).
Effects of in vivo insulin and contraction stimulation on
CaMKII phosphorylation. The finding that expression of the GFP-CaMKII inhibitory peptide inhibited contraction-induced but not insulin-induced glucose uptake in mouse skeletal muscle was a bit surprising since a previous study had shown that stimulation of isolated rat skeletal muscle by insulin (100 U/ml) resulted in a significant (ϳ30%) increase in CaMKII (Thr 286 ) phosphorylation (40) . To determine whether the in vivo insulin stimulation could increase CaMKII (Thr 287 ) phosphorylation in mouse muscle, separate experiments were performed in which mice were given a retroorbital injection of glucose (1 g glucose/kg body wt) to induce a physiological insulin response and the tibialis anterior muscles were harvested 5, 10, or 15 min later. As shown in Fig. 5, A (31, 41) . To confirm that the contraction protocol utilized for the in vivo contraction-induced muscle glucose uptake experiments could increase CaMKII (Thr 287 ) phosphorylation in mouse skeletal muscle, separate experiments were performed in which the peroneal nerve of one leg was electrically stimulated for 1 min to induce contraction of the tibialis anterior muscle. As shown in Fig. 6A , this protocol resulted in an approximately twofold increase in CaMKII (Thr 287 ) phosphorylation. Thus, utilizing the same protocol that we utilized to assess the effects of the CaMKII inhibitory peptide on in vivo contraction-induced glucose uptake, we observed a significant increase in CaMKII phosphorylation.
The effect(s) of the GFP-CaMKII inhibitory peptide on contraction-induced CaMKII (Thr 287 ) phosphorylation could not be assessed in the exact same muscles in which glucose uptake was assessed, since the optimal experimental time frame to assess muscle glucose uptake was ϳ44 min beyond the peak of CaMKII activation. Thus, to assess the effects of the GFP-CaMKII inhibitory peptide on contraction-induced CaMKII (Thr 287 ) phosphorylation, separate experiments were performed in which the GFP-CaMKII inhibitory peptide was electroporated into both tibialis anterior muscles. After 1 wk, the peroneal nerve of one leg was electrically stimulated to induce contraction of the tibialis anterior muscle for 1 min. The contralateral leg was sham operated as a control. As shown in Fig. 6B , expression of the GFP-CaMKII inhibitory peptide resulted in a concentration-dependent decrease in the contraction-induced phosphorylation of CaMKII (Thr 287 ), demonstrating that the GFP-CaMKII inhibitory peptide is preventing the contraction-induced activation of CaMKII. Thus, collectively, these results provide more evidence suggesting a role for CaMKII in the regulation of contraction-induced but not insulin-induced glucose uptake in mouse skeletal muscle.
Effects of the CaMKII inhibitory peptide on muscle glycogen and intracellular signaling. To investigate the possible intracellular mechanisms that may underlie the inhibition of contraction-induced glucose uptake by expression of the CaMKII inhibitory peptide, muscle glycogen content and contractioninduced signaling via AMPK, TBC1D1/TBC1D4, and GLUT4 were assessed. As shown in Fig. 7 , contraction resulted in a significant decrease in muscle glycogen levels that was not different between the control and inhibitory peptide groups. In muscles expressing the control peptide, contraction increased AMPK (Thr 172 ) phosphorylation ϳ2.5-fold, and intriguingly, this phosphorylation was even greater (ϳ5-fold above sham, control peptide) in muscles expressing the CaMKII inhibitory peptide (Fig. 8A) . Expression of the CaMKII inhibitory peptide had no effect on contraction-stimulated TBC1D1/TBC1D4 (PAS) phosphorylation (Fig. 8B) . The protein expression of AMPK␣1/␣2, TBC1D1, TBC1D4, and GLUT4 was not altered by expression of the inhibitory peptide (Fig. 8, A and B, representative blots, and Fig. 8C ). Collectively, these results demonstrate that the mechanism underlying the decrease in contraction-induced glucose uptake elicited by expression of the CaMKII inhibitory peptide is not due to alterations in muscle glycogen metabolism, AMPK (Thr 172 ) or TBC1D1/ Mice were injected with a glucose bolus to elicit a physiological insulin response, and tibialis anterior muscles were harvested 5, 10, and 15 min later to assess protein phosphorylation. In vivo insulin stimulation significantly increased Akt (Thr 308 ) phosphorylation (A) but did not increase CaMKII (Thr 287 ) phosphorylation (B). Statistical significance was defined as P Ͻ 0.05. *Vs. saline (n ϭ 6 muscles/group). TBC1D4 (PAS) phosphorylation, or GLUT4 protein expression.
DISCUSSION
Muscle contraction is a multifactorial process involving changes in cellular energy status, mechanical stretch, hypoxia, the generation of reactive oxygen species, elevations in intracellular Ca 2ϩ levels, etc., and this diverse array of stimuli collectively activate a large number of signaling pathways in skeletal muscle that could regulate glucose uptake. This tremendous complexity has made the identification of signaling proteins that regulate contraction-induced glucose uptake in skeletal muscle challenging. In this study, we provide the first direct evidence to definitively establish a role for the Ca 2ϩ -sensitive kinase CaMKII in the regulation of contractioninduced glucose uptake in mouse skeletal muscle. Not only do these important findings provide insight into the mechanisms regulating contraction-induced glucose uptake, but they also support future studies designed to assess the possible therapeutic potential of CaMKII agonists as novel pharmaceutical treatments for type 2 diabetes.
Previous work in rodent muscle using the Ca 2ϩ /calmodulin competitive-inhibitors KN-62 and KN-93 had suggested that CaMKII was a convergence point linking both insulin and contraction to increases in muscle glucose uptake (5, 24, 40, 41) . In this study, we also found that treatment of rodent muscle with KN-62 significantly impaired both insulin-and contraction-induced muscle glucose uptake (Fig. 1, A and B) . However, specific inhibition of CaMKII with the inhibitory peptide only inhibited contraction-stimulated glucose uptake (Fig. 4H) , demonstrating that the ability of KN-62 to inhibit insulin-induced glucose uptake is not via CaMKII. Importantly, the lack of an effect of the inhibitory peptide on insulin-induced glucose uptake is not due to inadequate inhibition of CaMKII, since the amount of peptide expression was similar between the insulin and contraction experiments (Fig.  4, A and B) . Our findings are in contrast to a recent study done in 3T3-L1 adipocytes that demonstrated a significant inhibitory effect of both KN-62 and the CaMKII inhibitor tat-CN21 on insulin-induced glucose uptake (42) . In adipocytes, CaMKII regulates insulin-induced glucose uptake through phosphorylation of the motor protein Myo1c (42) . Consistent with our findings, the authors of the adipocyte study stated that CaMKII failed to phosphorylate Myo1c in rodent skeletal muscle (42) . Thus, CaMKII is likely to play a different role in the regulation of glucose uptake in different insulin-responsive tissues.
The mechanism by which KN-62 inhibits insulin-induced glucose uptake is currently unknown, although data from this study demonstrate that it does not involve disruption of Akt or TBC1D1/TBC1D4 (PAS) phosphorylation. In addition, data from our group have also shown that KN-62 does not block glucose uptake via direct binding to cell surface glucose Fig. 6 . The GFP-CaMKII inhibitory peptide inhibits in vivo CON-stimulated CaMKII phosphorylation in mouse muscle. A: mice were anesthetized, and the tibialis anterior muscle from 1 leg was stimulated to CON in vivo for 1 min. Muscles were harvested to assess protein phosphorylation. In vivo CON stimulation significantly increased CaMKII (Thr 287 ) phosphorylation ϳ2-fold. Statistical significance was defined as P Ͻ 0.05. *Vs. sham (n ϭ 10 muscles/ group). B: mouse tibialis anterior muscles were transfected with expression vectors containing the GFP-CaMKII inhibitory peptide. After 1 wk, mice were anesthetized, and the tibialis anterior muscle from 1 leg was stimulated to contract in vivo for 1 min. Muscles were harvested to assess protein phosphorylation. Expression of the GFP-CaMKII inhibitory peptide dose-dependently inhibited the CON-induced phosphorylation of CaMKII (Thr 287 ; n ϭ 18 muscles). Fig. 7 . The GFP-CaMKII inhibitory peptide does not impair CON-induced alterations in skeletal muscle glycogen metabolism. Mouse tibialis anterior muscles were transfected with DNA vectors containing either the GFPCaMKII inhibitory peptide or the GFP control peptide. After 1 wk, mice were anesthetized and then stimulated by CON for 15 min. Muscles were harvested to assess muscle glycogen levels. Statistical significance was defined as P Ͻ 0.05. *Vs. sham (n ϭ 6 -8 muscles/group). transporters (Supplemental Fig. S2 ) (39) . Whether KN-62 affects other insulin-stimulated signaling proteins or GLUT4 via another mechanism will be the focus of future studies.
An intriguing finding of the current study was that both KN-62 and the CaMKII inhibitory peptide resulted in a significantly greater contraction-induced increase in AMPK (Thr  172 ) phosphorylation (Figs. 2C and 8A ). These results were in contrast to previous studies done in rat muscle that demonstrated no significant effect of KN-62 on the phosphorylation of AMPK (Thr 172 ) following 10 min of contraction (24, 41) and perhaps represent a difference in KN-62 response between mouse and rat muscle. The mechanism for elevated AMPK phosphorylation is unknown, although it is possible that the decrease in contraction-induced glucose uptake elicited by CaMKII inhibition may result in greater cellular stress (i.e., increased AMP/ATP ratio). This in turn could lead to an activation of AMPK in an attempt to either stimulate more glucose uptake into the muscle or alter cellular metabolism to favor the utilization of fatty acids. Consistent with this hypothesis, the contraction-induced phosphorylation of acetyl-CoA carboxylase-1/2 (Ser 79/212 ) was significantly enhanced in muscles expressing the GFP-CaMKII inhibitory peptide (Supplemental Fig. S3) . Regardless of the mechanism, it is interesting that enhanced AMPK is associated with a decrease in contraction-stimulated glucose uptake.
Phosphorylation of TBC1D4 on PAS sites has been implicated in the regulation of contraction-stimulated glucose uptake (27) , and recent work from our group also implicates TBC1D1 (PAS) phosphorylation in contraction-stimulated glucose uptake (1) . However, in this study, treatment with KN-62 or expression of the inhibitory peptide (Figs. 2B and 8B) had no effect on TBC1D1/TBC1D4 (PAS) phosphorylation. This finding was a bit surprising since three of the four PAS antibody immunoreactive sites identified on TBC1D4 (27) were found to be potential CaMKII phosphorylation sites (i.e., Ser 588 , Thr 642 , and Ser
751
) based on the phosphorylation site program ScanSite (http://scansite.mit.edu). However, since AMPK has been shown to phosphorylate TBC1D1/TBC1D4 on PAS sites in mouse muscle (26) , and phosphorylation of AMPK (Thr 172 ) was enhanced by KN-62 and the inhibitory peptide (Figs. 2C and 8A) , it is possible that signaling through AMPK could maintain TBC1D1/TBC1D4 (PAS) phosphorylation even in the absence of CaMKII-dependent phosphorylation. Given that TBC1D1 and TBC1D4 are large proteins (ϳ160 kDa) with numerous phosphorylation sites, it is likely that PAS phosphorylation is not the only phosphorylation important for protein function. Future studies will determine whether CaMKII directly phosphorylates TBC1D1 and/or TBC1D4 and, if so, defines the specific phosphorylation sites.
Treatment of mouse muscle with 10 M KN-62 did not significantly affect muscle force production (Fig. 1, C and D) . This result was in contrast to a recent study where KN-62 was Fig. 8 . The GFP-CaMKII inhibitory peptide does not inhibit CON-induced muscle glucose uptake via alterations in key intracellular signaling proteins. Mouse tibialis anterior muscles were transfected with DNA vectors containing either the GFP-CaMKII inhibitory peptide or the GFP control peptide. After 1 wk, mice were anesthetized and then stimulated by CON for 15 min. Muscles were harvested to assess signaling proteins by IB analysis. B: the CON-induced phosphorylation of AMPK (Thr 172 ) was enhanced in muscles expressing the GFP-CaMKII inhibitory peptide compared with the control peptide. There was no difference in AMPK␣1/␣2 protein expression. B: The GFP-CaMKII inhibitory peptide did not affect the CON-induced phosphorylation of TBC1D1/ TBC1D4 on PAS motif sites. TBC1D1 and TBC1D4 protein expression were not altered by expression of the inhibitory peptide. C: expression of the inhibitory peptide did not alter the protein expression of the glucose transporter GLUT4. Statistical significance was defined as P Ͻ 0.05. *Vs. sham; #vs. control peptide (n ϭ 6 -8 muscles/group).
used at a higher dose (25 M) in rat extensor digitorum longus muscles (31) , suggesting that this difference may be due to differences in species, inhibitor concentration, or contraction protocol. Force production was not assessed in the tibialis anterior muscles expressing the inhibitory peptide. This is a limitation of transfecting the tibialis anterior muscle, because the larger size and irregular shape of the muscle prevent adequate oxygen diffusion into the interior of the muscle during ex vivo incubation studies. Thus, we cannot completely negate the possibility that expression of the inhibitory peptide decreased muscle force production. However, none of the other parameters assessed that would be sensitive to decreases in force production [e.g., glycogen levels or AMPK (Thr 172 ) phosphorylation (Figs. 7 and 8A)] were impaired in muscles expressing the inhibitory peptide. Thus, we do not believe that a decrease in force production is the explanation for the decreased contraction-induced glucose uptake with the inhibitory peptide.
In summary, we demonstrate that specific inhibition of CaMKII activity via expression of a GFP-CaMKII inhibitory peptide results in a significant decrease in contraction-induced, but not insulin-induced, glucose uptake in mouse skeletal muscle in vivo. This impairment in contraction-mediated glucose uptake was observed in the absence of alterations in muscle glycogen metabolism, decreases in AMPK (Thr 172 ) or TBC1D1/TBC1D4 (PAS) phosphorylation, or decreases in GLUT4 expression, demonstrating a CaMKII-dependent regulation of glucose uptake that is independent of established insulin-or contraction-stimulated signaling pathways. Expression of AC3-I, the peptide that specifically inhibits CaMKII activity, will be an important tool for future studies aimed at further defining this novel signaling mechanism in skeletal muscle.
